Low latency video applications need to incorporate a high level of error resiliency and of error concealment to provide acceptable quality. We investigate how to combine the benefits of multiple stream coding and multiple path transmission for this purpose. We present a transmission strategy for multiple description coded video which maintains the inherent error resiliency of the encoding in the case of transmission over bursty channels. Through the analysis of feedback and through rate-distortion optimized channel probing, this strategy determines which channels should he used to take advantage of path diversity. At the encoder, a restart scheme stops error propagation by selecting references in error-free streams. Experiments demonstrate significant gains over other schemes such as video redundancy coding.
INTRODUCTION
The Internet is a hest effort network with no quality of service guarantees. Packets can be lost orcan arrive with greatly varying delays. Communication applications requiring low latencies, such as video-on-demand or video conferencing, cannot always wait for packets to arrive or to he retransmitted. Therefore, they need to incorporate a significant amount of error resilience to prevent stalling. Furthermore, in video, errors in decoded frames tend to propagate to subsequent frames. In order to limit this propagation, errors need to be concealed as well as possible. With multiple description coding, a video transmission can be divided into multiple streams, each of which can be decoded independently at a reduced quality. At the cost of lower compression efficiency, independence of the streams offers resiliency as errors will only propagate in one description. The maximum quality is obtained when all the descriptions are correctly received. In video, multiple descriptions can be produced by temporal subsampling as in . Another approach of multi-stream coding is video redundancy coding [3] where video is compressed into two different streams synchronized periodically. In the case of bursty channels, losses are temporally correlated which can lead to the simultaneous loss of all the streams. This may be avoided if the streams are transmitted on independent paths. Multiple paths can be established, for example, by specifying different intermediate routers in sender-driven cases [4] . In the case of wireless transmission, routing protocols can also discover multiple paths as noted in 151. When timely feedback from the channels is available, transmission schemes and coding schemes can be dynamic and adapt to the network conditions for better efficiency. Some recent schemes use feedback to select reference pictures, e.g. [6] [7], to choose the transmission channels [5] or to do both [8] . Feedback for transmitted packets resides in the reception of negative or positive acknowledgements (NACKs or ACKs) which exist in transpon protocols such as TCP In this paper, we investigate how to transmit reliably multiple description coded video over multiple channels with low latency. The transmission strategy we propose relies on feedback to determine the best channels for transmission. Its goal is to find reliable paths, by analyzing feedback and probing the channels, and to take advantage of path diversity. In addition, the encoding of the video into multiple streams combined with an adaptive restart mechanism provides a high level of error resiliency and concealment. In the next section, we describe the proposed transmission policy, the multiple description with restart scheme (MDR) and the channel model. In Section 3, we analyze the influence of probes and perform a rate-distortion optimization of their transmission frequency. In Section 4, we show results of comparisons with other schemes.
PROPOSED SCHEME
The following transmission scheme can be applied to any kind of multiple description coding. We assume that feedback from the channels is available and can be used to esti-0-7803-7965-9/03/$17.00 02003 IEEE I -509 ICME 2003 mate the state of the channels. The two states are good (G) or bad (B); state G, for example, could indicate that packets are always transmitted successfully or could be characterized by any delay distribution. Also, we assume that the statistics of the channels are temporally correlated which motivates the use of multiple paths. We consider time to be slotted evenly, each slot representing the transmission time of a video frame encapsulated in a packet.
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Transmission Policy
Here is the transmission policy we propose :
Let N be the number of channels available for transmission and S be the number of descriptions the source is coded into. Select the NG channels for which the estimated state is G.
If NG > 0, assign each description to one of the NG channels so that each channel carries either L&J or [&I
descriptions.
If NG = 0, assign each description to one of the N initial channels so that each channel carries either L*J or On the channels that are not being used, send probe packets to ensure feedback information on average every I time slots.
The goal of this policy is to send independent descriptions on different paths when it is possible while avoiding transmission of packets on paths that are presumably in state B. In this way, as long as error bursts do not occur simultaneously on every channel, successful transmission of at least one of the independent streams is achieved and guarantees a minimal quality. As low latency is one of our main concems, retransmissions are not allowed, as they would increase the end to end delay. The number of frames transmitted is always one per time slot even when NG > 1. This keeps the required bandwidth at every time slot comparable to schemes where only one channel is used. The number of probe packets is not limited hut will be included in the rate computation.

Multiple Description Encoding with Restart
To generate multiple descriptions the video sequence is divided into S frame-interleaved streams. Each frame is coded as a P-frame and its reference is the previous frame of the stream. We use the notation P-n for a generalized P-frame using a reference n frames away. Thus, frames are generally encoded as P-S frames.
The restart mechanism is triggered by feedback. When a loss is detected at the encoder, error propagation is mitigated by restarting the stream. For this purpose, the nearest frame belonging to an error free stream is used as reference.
Thus, the long term memory buffer at the encoder and at the w w w w shown in Figure 1 for S = 2. At time 7, the encoder leams that Frame 3 has been lost and chooses 6 as the reference frame for 7 to restart Stream 1.
When feedback indicates that all streams have been corrupted, an I-frame is sent to restart all the streams as soon as feedback indicates the end of the burst on one of the channels.
Channel Model
In the experiments, we use a two- 
Example
INFLUENCE OF PROBES
As probes, we use header packets without payload as, for example, an RTP header encapsulated in an IP header which would have a size of 40 bytes. Probes are sent to ensure that feedback is received on average every I time slots on each channel. Figure 3 shows the influence of I on the quality of the decoded video. The sequence used is Foreman (150 first frames) encoded with the H.26L codec. The quantization parameter is Q = 22. Here, S = 2 and 3 channels are used with loss rate p = 15% and average burst length Lg = 8 or 12. When I increases, the rate of probe packets decreases and the feedback on idle channels is less frequent. This makes the transmission policy less efficient, as the state of the channels is known with less accuracy, and results in a linear degradation of the quality as shown in Figure 3 . [8] . Here, I = 16 is optimal for the sequence. However, the performance of the scheme is not very sensitive to I for 4 5 I 5 20 and in the rest of the experiments we choose I = 4 which is close to optimal across hit rates for the sequences we have experimented on.
SIMULATION AND RESULTS
In the simulations considered, the MDR scheme is used with S = 2 which keeps the compression efficiency high while increasing the error resilience. The first competing strategy is the VRC scheme [3] over two channels. A Synch-frame is encoded every 12 frames to restart periodically the streams. If losses occur, the Synch frame is predicted by the error-free stream or is intra-coded.
The second competing strategy (denoted MD) is very close to [I] . In this scheme, the frames are encoded into two independent streams and sent over two different channels. If a NACK is received on one channel, after the next ACK, an I frame is sent to conceal the error. For all three schemes, when a frame on one stream is lost while the other stream is correctly received, we recover the lost frame by motion compensated interpolation using the previous and the next frame. The simulations were obtained using the H.26L codec. for QCIF sequences of 150 frames; results are averaged over 40 channel realizations. crease due to the use of 3 channels is 0.4 dB. For the Bus sequence, at 600 kbps MDR over three channels performs better than VRC and MD respectively by 3.9 dB and 1 dB, and the increase compared to MDR over 2 channels is 0.3 dB. For the Foreman sequence at a constant quality of 32 dB the bit rate saving is 21% compared to MD and over 50% compared.to VRC. Other experiments show that both the restart mechanism and the transmission policy if used alone only achieve a small increase in performance ; the gains are mainly due to their combination. Figure 7 shows the performance of our scheme for different channel conditions. The gains against VRC range from 3.1 dB to I .9 dB, and from 1.6 dB to 0.6 dB against MD. They are greater when the burst lengths are higher.
CONCLUSION
We demonstrate the efficiency of a transmission strategy, based on feedback, for streaming of multiple description coded video. A restart mechanism is associated with MD coding and is combined with this strategy to achieve a high 
